Newly developed bonded materials and fabrication processes are expected to firmly bond copper leads to SiC chips for application in next generation power modules. Solid-liquid interdiffusion bonding of copper was performed using Ag-Sn layered films. Microstructural development and mechanical properties of bond layers were investigated. The bond layer grew at the thin film interfaces because of the solidliquid interdiffusion. Cu 6 Sn 5 and Ag 4 Sn or Ag 3 Sn phases were formed at the initial bonding stage, and subsequently, Cu 3 Sn formed between the Cu 6 Sn 5 and Cu as both bond time and temperature increased. Finally, the bond layer was primarily composed of Ag 4 Sn and Cu 3 Sn. The hardness and Young's modulus of Ag 4 Sn were much lower than those of Cu 3 Sn. The growth of the Cu 3 Sn layer that formed between Ag 4 Sn and Cu could be limited by optimizing the design of the faying surface.
Introduction
SiC and GaN, instead of Si, are expected to be used in next generation power semiconductors because they exhibit better efficiency and are capable of functioning at higher temperatures than Si chips. As the junction temperature approaches 473 K, the standard Sn-based soft solders, with melting point at approximately 493 K, cannot be applied for die-attaching. When SiC chips are bonded to Cu substrates and Cu leads, high temperature solders such as Sn-95Pb and Sn-Au have been employed to allow higher operating temperatures. However, new bonded materials, including solders and lead-free and low-cost materials, are expected to be developed for operation at even higher temperatures. Furthermore, the bonding temperature must be as low as possible in order to reduce the thermal stress between the various materials in a power device. Solid-liquid interdiffusion bonding or transient liquid phase (TLP) soldering, is one approach to bond a Cu lead to a SiC chip at low temperatures (473573 K). Metals with low melting points such as Sn and In are often sandwiched between copper bases and heated above the melting point of the inserted material. 14) The liquid phase then reacts with the base copper to form a bond layer of intermetallic compounds that exhibits a higher melting point than the melting point of the inserted material. Several studies on the kinetics of the growth of Cu-Sn intermetallic compounds (IMCs) in TLP soldering have been reported. 1, 59) As mentioned above, power modules are composed of various materials such as semiconductor chips with metallized layers, lead wires, ceramic substrates, solder, and molding resins. Therefore, thermal stress should be minimized carefully when designing power devices. For example, the authors have reported that the SiCu joints in Cu-Sn intermetallic compounds layer bonded by solid-liquid interdiffusion showed longer lifetimes on thermal cyclic testing than Sn-5Sb solder. 10) On the other hand, because the Young's modulus and hardness of Cu 3 Sn are extremely high, in some cases, cracks occurred in the IMC layer of the joint and propagated through the metallized layer on the Si chip owing to stress concentration at the edge of the IMC layer. The authors have also reported that the stress concentration depends on the material properties of the bond layer, such as Young's modulus and coefficient of thermal expansion (CTE), and also on the design of the joint, such as fillet shape and joint thickness.
11) An IMC bond layer with Young's modulus lower than that of Cu 3 Sn and Cu 6 Sn 5 could be effective in reducing stress concentration at the corner of the joint. Denga et al. reported that Ag 3 Sn shows lower Young's modulus and hardness than those of IMCs in the Cu-Sn system (as shown in Table 1 ). 12, 13) In practical use, since a Si chip is coated with a thin copper layer, Cu-to-Cu bonding should be investigated to apply the solid-liquid interdiffusion bonding of a Cu lead to a Si chip joint in power devices. In this research, the fundamental study on solid-liquid interdiffusion bonding of Cu using SnAg layered films was performed to reduce stress concentration at the edge of the bond layer. The microstructural development and mechanical properties of the joints were investigated.
Experimental Procedures
The materials used were oxygen-free Cu rods of 3 mm and 5 mm in diameter whose faying surfaces were polished with emery paper of #4000 grit. They were then pickled in a 5% HCl solution, and rinsed in ethanol. The geometry of specimens and the designs of faying surface are shown in Fig. 1 . Tin/silver multilayer thin films with different designs, as shown in Fig. 1 and Table 2 , were coated on the copper faying surface by vacuum vapor deposition. The Ag and Sn were vaporized alternately by resistance heating under the atmosphere of 5 © 10 ¹3 Pa. The bonding between º3 and º5 Cu specimens was performed at 503573 K for a bond time of 01800 s, under a bonding pressure of 10 MPa in nitrogen gas flow atmosphere. The bond time is defined as the holding time at the bonding temperature. The heating rate was approximately 1 K/s from room temperature to the bonding temperature. The shear test was carried out to evaluate the joint strength using a tensile tester (RHESCA Co. Ltd.). The microstructures of the bond layers were observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) with energy dispersive X-ray spectroscopy (EDX). The dynamic hardness (DH) and Young's modulus of the IMC bond layers were evaluated using a dynamic microhardness tester (Shimadzu Co. Ltd., DUH-211) under a load of 10 g with a trigonal pyramid indenter. Young's modulus was estimated from the unloading curves.
Analysis Model
Finite element analysis was performed to estimate the effect of the Young's modulus of the bond layer on the stress distribution in the Cu lead-to-Si chip joint. Figure 2 shows the meshed model used to calculate stress distribution around the Cu lead-to-chip through the IMC bond layer. The Si chip and the Cu lead had square dimensions of 7 mm © 7 mm and 4 mm © 4 mm, respectively. The Si chip was coated with Cu of 4 µm in thickness. The fine-meshed joint edge is shown in Fig. 3 . Table 3 shows the material properties used in the structural analysis. Although the thermal stress is significantly affected by the CTE mismatch, the CTEs of most IMCs have not been reported. In the present analysis, only the Young's modulus was varied and the other material properties were kept constant. The residual thermal stress for each bonding material was calculated when the bonded device was cooled from 573 K, that is, the bonding temperature, to room temperature (298 K), and was calculated from static elasto-plastic analysis that considers the temperature dependent properties for copper.
Results and Discussion

Stress concentration on Si
When the bond layer is composed of brittle intermetallic compounds, stress concentrates at the interface between the edge of the bond layer and the Si substrate area beneath this edge, which would initiate a crack. The effect of the Young's modulus of the bond layer on the stress distribution in a Si chip was estimated by the finite element method. Figure 4 shows the equivalent stress beneath the edge of the bond layer where stress is concentrated (point X shown in Fig. 3(b) ). The stress on the Si chip increases with the Young's modulus of the bond layer. As described above, although CTE mismatch between a bond layer and other materials was not considered in the present analysis, reduction in the Young's modulus of the bond layer might be an option to reduce stress concentration on the Si chip.
Microstructure of the bond layer
The cross sections of the joints for Design-1 faying surface bonded at 503573 K for 0 s are shown in Fig. 5 . The EDX analysis was performed to estimate the compositions of the possible phases ( Table 4 ). The fact that the thickness of each layer is approximately equal to or lower than the SEM-EDX resolution facilitates the determination of possible phases, which are described in (Fig. 5(c) ). Figure 6 shows the microstructural development of the bond layer at 523 K as a function of bond time. The Cu 6 Sn 5 layer was not observed at the bond time of 300 s. As the bond time increased, the Cu 3 Sn layer grew with the formation of small voids at the interface of the Cu 3 Sn and Cu. Figure 7 shows TEM bright field images and selected area diffraction patterns (SADP) of the joints bonded at 573 K. Table 5 shows the compositions of bond layers in Fig. 7 4 Sn also increased with increasing bond time. Figure 8 shows a vertical section of the Ag-Cu-Sn ternary system at the 20 mass%Sn. 16) The diagram and the results of EDX analysis suggested that Ag 4 Sn and Cu 3 Sn form as major phases, and Ag 3 Sn might form as a minor phase depending upon the composition. Figure 9 shows the shear strength of joints at various bonding conditions under the bonding pressure of 10 MPa. Shear strength increased with bonding temperature and bond time. When the bonding temperatures were 523 K and 573 K, the shear strength reached a maximum of approximately 120 MPa and remained constant. The bond layer of the high strength joint was composed of Cu 3 Sn and Ag 4 Sn, and the fracture propagated primarily through the Ag 4 Sn layer. When the bonding temperature was 503 K, even a bonding time of 1800 s did not yield a highly strong bond. When many voids formed continuously at the interface of Cu 3 Sn and Ag 4 
Mechanical properties
Design of bond layer
As described above, the Young's modulus of Ag 4 Sn is lower than that of Cu 3 Sn and the joint obtained through Ag 4 Sn and Cu 3 Sn bond layers showed high strength. On the other hand, Cu 3 Sn, which showed high Young's modulus and hardness, formed by Kirkendall voids between Ag 4 Sn and Cu when Design-1 faying surface was applied to the bonding. It is preferable to suppress the formation and growth of the Cu 3 Sn layer so that it is as thin as possible. The design of the faying surface was then optimized to suppress the formation of the Cu 3 Sn layer. In order to accomplish this, the amount of Sn deposition between the Ag film and Cu base metal was decreased from 2 to 0.5 µm (Design-2 as shown in Table 2 ). The cross sections of the joints bonded using Design-1 and Design-2 faying surfaces are shown in Fig. 11 . The bonding temperature is 573 K and the bond time is 300 s. The growth of the Cu 3 Sn layer that formed between Ag 4 Sn and Cu could be limited by reducing the amount of Sn in Film-3, thereby reducing the film thickness. As a result, the Cu-Cu bonding could almost be achieved through only the Ag 4 Sn layer. Approximately, a 20% decrease in thermal stress would be expected by replacing the Cu 3 Sn bond layer with an Ag 4 Sn bond layer as shown in Fig. 4 . Further study on the measurement of the CTE of Ag 4 Sn is necessary to accurately estimate the thermal stress on the joint.
Conclusions
Solid-liquid interdiffusion bonding of copper was achieved using Ag-Sn layered films. The following results were obtained:
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